Also, the results of a few integrations are presented and from these we conclude that the model is not very sensitive to the size of the time step provided that it does not exceed a value of the order of two or three hours.
Introduction
The explicit leapfrog time integration scheme is very inefficient when it is used in large scale atmospheric models. For a grid length of 200 km, it is generally found that a time step of the order 5 minutes has to be used. With a longer time step, there is a good chance that the gravity waves will become unstable and the predictions will be useless. Most explicit time integration schemes have to use rather small time steps. For a model that uses second order finite differences in both space and time, it was shown by Robert (1981) that the time truncation errors are 700 times smaller than the space truncation errors. This means that a much larger time step could be used without any significant loss of accuracy if it was possible to avoid the computational instability.
With a semi-implicit time integration scheme, one can use a time step of the order of 30 minutes on a 200 km grid. In an experiment performed by Robert, Henderson and Turnbull (1972) it was shown that the time truncation errors are of the order of 4 meters for the 500 mb geopotential for a five day forecast. This is still a rather small value and it indicates that even larger time steps could be used if a completely stable time integration scheme was made available.
It is possible to combine the semi-implicit scheme with a semi-Lagrangian scheme in order to obtain an algorithm that remains stable for very large time steps. It seems that this technique can be applied to the primitive meteorological equations. An experiment was carried out along these lines by Robert (1981) with a time step of two hours. A satisfactory 48 hr forecast was generated with a model of the shallow water equations. This model included a divergence diffusion term and a time filter. Later on, when these features were removed, some residual instability was observed. This instability was attributed to the fact that the Coriolis terms were not given a semi-implicit formulation, and also to the fact that the semi-Lagrangian technique was applied only to the vorticity equation .
A new formulation of the same model will be examined in the following sections of this report . An analysis of this formulation will be carried out in order to show that it is stable and an integration will be carried out without any diffusion terms and without any filters in order to demonstrate that it works reasonably well . The sensitivity to the size of the time step will also be examined.
Formulation of the model
In a conformal projection of a rotating sphere , the shallow water equations take the following 
(1)
This formulation includes the time discretization which will be defined below but first, we will define the various quantities (4) (5)
(8)
(10)
In these equations, * is the angular velocity of rotation of the earth, * is the latitude, *x is a distance on earth and *X is the corresponding distance in the projection, * and v are the real wind components, * is the geopotential of the free surface and *G is the geopotential of the ground at the bottom of the fluid so that *T is the thickness of the fluid layer and *o is a constant roughly equal to the mean value of *T.
In order to carry out the calculations, three points P1, P2 and P3 are defined with the following coordinates (12) (13) (14) Here it is obvious that P2 is the mid point of the interval from P1 to P3 and a and b are defined as follows
Also, the time derivatives and the time averages are evaluated as follows (17) and all other terms in the above equations are evaluated at point P2.
In plain language, we are taking a trajectory over a time interval of 2*t. This trajectory terminates at a grid point. The end points of the trajectory are used to compute the time derivatives and the time averages. All other quantities are computed at the mid point of the trajectory. This means that the model uses centered differences of second order accuracy.
Stability analysis
An attempt will be made to find solutions of eqs. (1), (2) and (3) 
Integration of the model
The model described in section 2 will be integrated on a 61 by 61 grid in a polar stereographic projection.
The grid covers North America and part of the adjacent oceans. The grid length is 190.5 km at 60*N. Fourth order differences are used to compute all space derivatives and fourth order interpolation is used to compute values along the trajectories.
At the boundaries, the cross flow is maintained at its initial value, the gradient of the geopotential normal to the boundary is maintained in geostrophic equilibrium and the tangential wind component is maintained at the value computed at the nearest interior point. At the first set of interior points, a strong diffusion term is used in the three equations in order to eliminate the noise generated at the boundaries. This is the only filtering used in the model. Over the interior part of the grid, there are no explicit diffusion terms and no filters. On the other hand, it must be noted that the repeated interpolations required by the semi-Lagrangian method have a filtering effect on the variables. On such a fine grid and with fourth order interpolation, the amount of filtering is negligible.
Initialization is performed by using non diver- Fig. 4 followed by the 48 hour prediction with a time step of two hours presented in Fig. 5 . Finally, the same prediction with a time step of one hour is shown in Fig. 6 . 
